Rationale: The ability of the human heart to regenerate large quantities of myocytes remains controversial, and the extent of myocyte renewal claimed by different laboratories varies from none to nearly 20% per year. Objective: To address this issue, we examined the percentage of myocytes, endothelial cells, and fibroblasts labeled by iododeoxyuridine in postmortem samples obtained from cancer patients who received the thymidine analog for therapeutic purposes. Additionally, the potential contribution of DNA repair, polyploidy, and cell fusion to the measurement of myocyte regeneration was determined. Methods and Results: The fraction of myocytes labeled by iododeoxyuridine ranged from 2.5% to 46%, and similar values were found in fibroblasts and endothelial cells. An average 22%, 20%, and 13% new myocytes, fibroblasts, and endothelial cells were generated per year, suggesting that the lifespan of these cells was approximately 4.5, 5, and 8 years, respectively. The newly formed cardiac cells showed a fully differentiated adult phenotype and did not express the senescence-associated protein p16
F
or nearly a century, the adult heart has been considered a postmitotic organ in which the number of parenchymal cells is established at birth and cardiomyocytes lost with age or as a result of cardiac diseases cannot be replaced by newly formed cells. The recent explosion of the field of stem cell biology, with the recognition that the possibility exists for extrinsic and intrinsic regeneration of myocytes and coronary vessels, 1 has imposed a reevaluation of cardiac homeostasis and pathology. Several laboratories have identified resident cardiac stem cells (CSCs) in the developing, postnatal, and adult heart of animals and humans, [2] [3] [4] suggesting that myocyte turnover and tissue regeneration may be more profound than previously predicted.
The documentation that CSCs reside in the myocardium, are stored in discrete niche structures, and divide symmetrically and asymmetrically in vitro and in vivo 4 makes the heart a selfrenewing organ. Cardiac cells continuously lost by wear and tear are constantly replaced by activation and commitment of CSCs. 5 Based on retrospective 14 C birth dating of cells, the claim has been made that throughout life, myocyte turnover in humans is restricted to a subset of Ϸ50% of cardiomyocytes. 6 Although the process of myocyte regeneration was confirmed, these data pointed to a modest degree of myocyte renewal, contrasting previous evaluations of myocyte regeneration in the normal, hypertrophied, and failing human heart. [7] [8] [9] To assess in a more precise manner the growth potential of the adult myocardium, the percentage of myocytes labeled by a thymidine analog was determined in hearts collected postmortem from 8 cancer patients who received infusion of the radiosensitizer iododeoxyuridine (IdU) for therapeutic purposes. 10 We have taken advantage of the fact that halogenated nucleotides are rapidly incorporated in cycling cells at delivery and are progressively diluted in the derived progeny, 11 providing a measurement of myocyte formation over time. This strategy mimics the pulse chase assay performed in animals. 5 spectral analysis and biochemical assay. Data in cardiac cells were measured quantitatively and their average lifespan evaluated. Protocols are described at http://circres.ahajournals.org.
Results

Regeneration of Myocytes
The extent of myocyte renewal reported by different laboratories varies dramatically, 2, 6, 7, 12 requiring an extremely cautious approach. For this purpose, human samples were coded at the National Institutes of Health (NIH), and all data were collected blindly at Brigham and Women's Hospital (BWH).
Subsequently, 3 investigators from BWH (J.K., T.H., K.U.) went to Bethesda and repeated with our NIH coauthors IdU staining and analysis of the 8 hearts. Only NIH reagents were used. Although the results were in close agreement with those obtained at BWH, 2 of our NIH colleagues (S.P., J.T.) came to BWH and reevaluated IdU labeling of myocytes in 3 myocardial samples with the lowest, intermediate, and highest degree of positive cells. Again, essentially identical values were found.
Stringent criteria were applied in the evaluation of IdUlabeled cardiac cells (Online Supporting Text I; Online Figure I through III). IdU-positive myocyte and nonmyocyte nuclei were identified in the left ventricle of all 8 cases ( Figure 1A and Online Figure IV ). Mitotic images labeled by IdU were also found ( Figure 1B) . With the exception of 1 sample in which the percentage of IdU-positive myocyte nuclei was 2.5%, in the other 7 patients, the fraction of labeled myocytes varied from 11% to 46% ( Figure 1C ). IdU staining was never detected in the left ventricle of 6 normal hearts not exposed to the halogenated nucleotide, which were 13 3.0ϫ10 6 myocytes were generated per day or 1.4ϫ10 9 myocytes were generated in 405 days ( Figure 1C) .
Non-standard Abbreviations and Acronyms
Three potential confounding factors had to be considered in the quantitative analysis of IdU labeling of myocyte nuclei: DNA repair, polyploidy, and cell fusion. These variables may lead to an overestimation of the degree of myocyte regeneration.
DNA Repair
DNA repair results in a punctuated pattern of IdU labeling, 14 reflecting its integration at discrete sites of DNA damage. Conversely, uniform IdU incorporation identifies dividing cells in which the entire genome is replicated. Foci of IdU were occasionally seen in myocyte nuclei ( Figure 1D ), possibly caused by the low sensitivity of this methodology for the detection of DNA repair. 15 Importantly, only nuclei with diffuse IdU labeling were measured (Figure 1A oxyuridine (BrdU). The colocalization of BrdU and Ki67 in myocyte nuclei was then determined because the cell cycle protein Ki67 is not implicated in DNA repair. 16 By this protocol, we showed that the speckled appearance of BrdU in nuclei was negative for Ki67; this was not the case when the halogenated nucleotide was evenly distributed throughout the nucleus (Figure 2A ).
Ploidy and Cell Fusion
Polyploidy is characterized by an exponential increase in DNA content dictated by the number of doublings of the entire genome from 2n to 4n to 8n. This exponential increase in DNA content is reflected by a significant increase in nuclear volume ( Figure 2B ). To evaluate the contribution of polyploidy, DNA content per nucleus was measured by confocal microscopy in IdU-positive and IdU-negative myocyte nuclei and compared with that of lymphocytes from human tonsils, which were used as control for diploid nuclei. In the majority of cases, 2n diploid DNA content was found in IdU-positive and IdU-negative myocyte nuclei. In a small number of IdU-positive and IdU-negative myocyte nuclei, DNA content was higher than 2n but less than 4n, suggesting that these cells represented cycling, Ki67-positive, amplifying myocytes that had not reached terminal differentiation ( Figure 3A and 3B). A few Ki67-labeled nuclei had 4n DNA content reflecting amplifying myocytes in G2.
Additionally, DNA content was measured by flow cytometry in nuclei collected from pure preparations of myocytes isolated from normal and pathological hearts (nϭ8; Online Table II) . Diploid, tetraploid, and octaploid nuclei represented 83%, 14%, and 3% of myocyte nuclei, respectively ( Figure  3C ). Rare examples of tetraploid and octaploid nuclei together with the majority of diploid nuclei were also found by Q-FISH in IdU-negative cells of cancer patients ( Figure 3D ). These observations are consistent with the relatively similar size of myocyte nuclei in sections of human myocardium ( Figure 3E ).
To test the possibility of cell fusion, the number of sex chromosomes was determined in 614 myocyte nuclei from 4 cases with high levels of IdU-positive cells. Only 2 X-chromosomes or 1 X-and 1 Y-chromosome were identified in 591 nuclei (Online Figure VI) . In 23 nuclei, more than 2 sex chromosomes were detected. However, dividing phospho-H3-positive myocytes with 2 sets of sex chromosomes were found, further decreasing the number of potential fusion events in the human myocardium.
Therefore, the human heart is mostly composed of diploid cells, and cell fusion is at most an occasional phenomenon. Because the proportion of mononucleated and binucleated myocytes does not change in the human left ventricle with aging, cardiac hypertrophy, and ischemic injury, 17 measurements at the nuclear level are equivalent to measurements at the cellular level.
Regeneration of Endothelial Cells and Fibroblasts
Myocyte renewal was then compared with that of fibroblasts and endothelial cells (ECs) (Figure 4A through 4C) . The percentage of IdU-positive fibroblasts was similar to that of myocytes, whereas the fraction of labeled ECs was 37% (PϽ0.01) and 33% (PϽ0.005) lower than myocytes and fibroblasts, respectively. By inference, the average lifespan of cardiomyocytes, fibroblasts, and ECs was estimated to be approximately 4.5, 5, and 8 years, respectively. A biochemical method was developed to provide an independent assessment of the presence of IdU in the human myocardium. Genomic DNA was extracted from tissue sections obtained blindly from 6 cases. DNA collected from HEK-293 cells cultured in the presence and absence of the thymidine analog was used as positive and negative control, respectively. DNA was blotted onto individual spots on nylon membranes and subjected to Western blotting. IdU was found in all cases ( Figure 4D ), confirming that it was incorporated in the nuclear DNA.
Cardiac Cell Formation and Death
To establish whether the similar rates of cardiac cell renewal were consistent with comparable levels of cell death, apopto- sis of myocytes, ECs, and fibroblasts was determined. Also, the number of cycling cells and their mitotic index was evaluated by Ki67 and phospho-H3, respectively, to define the characteristics of the myocardium at patient's death. In the human heart, 9,18 cell apoptosis is invariably coupled with the expression of the aging-associated protein p16
INK4a that is a critical determinant of senescence and growth arrest of progenitor cells in various organs. 19 Thus, the interaction of p16
INK4a , growth inhibition, and apoptosis was tested to obtain a common denominator of the processes that regulate replication and death of cardiac cells.
In the 8 hearts, the percentage of p16 INK4a -myocytes was higher than that of fibroblasts and ECs but, in all cases, the fraction of p16
INK4a -cells exceeded the fraction of cells undergoing apoptosis. Cell death was detected only in senescent fibroblasts, ECs, and myocytes. Small differences were found in the degree of apoptosis, but fibroblasts and myocytes were the most affected (Online Figure VII) .
The data on p16 INK4a /cell death were paralleled by similar results on cell proliferation. Ki67 and phospho-H3 labeling were comparable in myocytes and fibroblasts and lower in ECs (Figure 5A through 5F; Online Figure VIII) . In each case, the magnitude of cell regeneration mimicked the extent of cell death, suggesting that a balance appeared to be operative between these 2 determinants of cardiac homeostasis. These observations challenge the notion that significant differences exist in the degree of cell renewal between myocytes and nonmyocytes, pointing to a relatively similar lifespan of cardiac cells in the adult human heart.
The heart of the 8 cancer patients had pathological manifestations (Online Table I ), which may have contributed to the extent of myocyte renewal. Importantly, IdU amplifies the effects of radiation therapy, having little or no impact on cell function alone. Thus, the fraction of cycling myocytes and their mitotic index were evaluated in 6 normal hearts (Online Table III ). Both parameters were significantly lower than those measured in cancer patients ( Figure 5F ), confirming previous results in which cardiac pathology has been found to enhance myocyte regeneration. An additional possibility may involve the release of growth factors from cancer cells, which could have influenced the growth of CSCs and myocytes. Most importantly, the findings in cancer patients do not reflect only physiological cell turnover but a combination of this process with different disease states. 
Birth Dating of Cardiac Cells
Comparable degrees of myocyte and nonmyocyte death and renewal were found in the present study. However, retrospective 14 C birth dating has claimed that the average lifespan of nonmyocytes is Ϸ4 years in young and old human beings, whereas the lifespan of myocytes is 18-fold and 40-fold longer at 25 and 75 years of age, respectively. 6 Several factors may explain these differences in the degree of myocyte formation in the human heart. 14 C birth dating of human myocytes was restricted to nuclei expressing the contractile protein troponin I (TnI), but whether this subset of nuclei was representative of the myocyte population was not determined. Moreover, the isolation of myocyte nuclei from specimens of frozen myocardium is problematic, and the presence of myocardial scarring in the pathological hearts included in the study further interfered with the isolation and sampling of myocyte nuclei. The mathematical model used assumes that the number of cardiomyocytes remains constant throughout life, although myocyte number increases with postnatal development 20 ( Figure 6 ) and myocyte loss progressively occurs as a function of age 13 and cardiac disease. 21 In our 8 cases, the fraction of TnI-positive myocyte nuclei varied from 33% to 61%, and 98% of TnI-positive myocyte nuclei expressed p16
INK4a ; 1% expressed only TnI or p16 INK4a ( Figure 7A and 7B) . Additionally, 2% of TnIpositive-p16
INK4a -positive myocyte nuclei were labeled by IdU but none by Ki67 or phospho-H3 (Online Figure IX) , suggesting that the thymidine analog was incorporated before this small subset of cardiomyocytes reached cellular senescence. The expression of Nkx2.5 and GATA4 was tested to discriminate myocytes from nonmyocytes, 6 but these transcription factors are not uniformly present in myocyte nuclei 22 so that the lack of these nuclear proteins cannot be equated to a nonmyocyte phenotype. The consistent association of TnI and p16
INK4a in myocytes together with the absence of markers of cell cycle progression and mitosis strongly suggests that the localization of TnI in nuclei identified almost exclusively a category of senescent cells.
The colocalization of TnI and p16 INK4a was also examined in 7 normal human hearts, 46 to 74 years old (Online Table  IV) , and found to be present in 90% of myocyte nuclei ( Figure 7C ). The fraction of TnI-positive nuclei varied from 17% to 60%, constituting an inconsistent marker for the isolation of a representative pool of myocytes. Further, 7 of the 8 pure preparations of isolated human myocytes (Online Table II ) were used for the collection of nuclei and FACS analysis. The fraction of TnI-labeled myocyte nuclei ranged from 22% to 73%, and the coexpression of TnI and p16
INK4a
involved Ϸ80% of nuclei ( Figure 7D ).
Aging and Permeability of Myocyte Nuclei
To identify the mechanism responsible for the expression of TnI in senescent cells, the nuclear properties of myocytes isolated from Fischer 344 rats at 3 and 24 months of age were determined. Nuclear pore complexes (NPCs) are assembled during mitosis, and their proteins do not turnover during interphase, 23 suggesting that alterations in NPC function may occur in long-lived cells. This hypothesis was tested in nuclei of postmitotic cells of the rat brain cortex. Old cells showed defects in the permeability of NPCs with translocation to the nucleus of proteins restricted physiologically to the cytoplasm. 24 We applied similar protocols and used 70-kDa dextran to detect alterations in the permeability of myocyte nuclei. This molecule does not cross the nuclear membrane in the presence of intact NPCs. 24 Only 30% of nuclei were permeable to 70-kDa dextran in young myocytes, whereas this polysaccharide was found in 80% of old myocyte nuclei ( Figure 8A and 8B); this may reflect the comparable levels of p16 INK4a present in young and old myocytes. 25 Importantly, TnI was detected in Ϸ95% of myocyte nuclei that were permeable to the 70-kDa dextran, and spectral analysis confirmed the specificity of the signals (Figure 8C through 8E) . As previously shown in nuclei of postmitotic cells of rat brain cortex, 24 the deterioration of NPCs in old myocyte nuclei was coupled with a 2.2-fold downregulation of the scaffold nucleoporin Nup93 ( Figure 8F) . Thus, the translocation of TnI from the cytoplasm to the nucleus occurs only in leaky nuclei of senescent myocytes.
Discussion
In the past few years, several hypotheses have been raised to clarify the findings of dividing myocytes in the normal and diseased heart. They vary from the existence of a small class of myocytes that dedifferentiate and subsequently proliferate to a subset of cells that retain the ability to reenter the cell cycle and multiply. 2 Alternatively, progenitor cells from the bone marrow may migrate to the myocardium, where, after transdifferentiation, lead to the formation of a myocyte progeny. However, the search for the origin of dividing myocytes remained unclear until a resident stem cell com- partment was recognized in the adult heart. [2] [3] [4] This information has changed the interpretation of myocyte regeneration and has advanced our understanding of the regulatory processes involved in cardiac homeostasis and tissue repair. Replicating myocytes are small, mononucleated cells that represent the progeny of CSCs; they divide and hypertrophy, and these 2 cellular processes coexist until proliferation no longer occurs. Data in the current study indicate that a large number of myocytes is formed every year, suggesting that the entire heart is replaced several times during the course of life in humans.
Our findings are in contrast with results obtained by the integration of atmospheric 14 C in the DNA of cardiomyocyte nuclei. 6 An inherent limitation in 14 C birth dating of cardiac cells was the analysis of only TnI-positive senescent myocyte nuclei, which was further confounded by the introduction of an inappropriate mathematical model. The number of myocytes in the heart and their rate of turnover were considered constant. This model of invariant organ growth defines parenchyma in a steady state in which cell death is compensated by cell regeneration in young healthy individuals. This can hardly be applied to the biology of myocardial aging, hypertension, and acute and chronic myocardial infarction, conditions that were present in the small cohort of 12 patients included in the study. In fact, it is unrealistic to define the physiological mechanisms of myocardial aging with a sample size of 12 individuals of either sex, some of which are affected by severe cardiac pathologies.
Additionally, the number of cardiomyocytes was postulated to be established at birth and to remain constant throughout life. Myocytes are formed postnatally, 20 and the decrease in the number of myocytes with age has been well defined. 13 Without basis, 14 C levels were analyzed and interpreted differently in young (19 to 42 years) and old (50 to 73 years) hearts to arbitrarily draw an exponential curve that indicated a progressive decline in cell generation as a function of age. 6 There is no gradual decrease in the rate of myocyte turnover but rather 2 distinct sets of data for young and old hearts. The runs test, used to evaluate the goodness of the fit, demonstrated a significant deviation (PϽ0.0001) from the exponential decay model used. If the data used to assess 14 C birth dating of cardiac cells are corrected for 5 known variables, that is, TnI-positive and TnI-negative myocyte nuclei, p16
INK4a -positive and p16 INK4a -negative myocyte nuclei, and the colocalization of TnI and p16
INK4a in myocyte nuclei, an 18% myocyte renewal per year can be calculated (Online Supporting Text III).
The presence of CSCs in the human heart is apparently at variance with the small foci of tissue regeneration commonly found in acute and chronic infarcts or pressure overload hypertrophy. [7] [8] [9] CSCs are limited in their capacity to reconstitute necrotic myocardium, 9 and this phenomenon has been interpreted as proof of the inability of the heart to form large quantities of cardiomyocytes. 26 The current findings challenge this view. However, the growth reserve of the heart fails to restore the structural integrity of the myocardium after infarction and healing is associated with scar formation. A possible explanation for this inconsistency has been obtained in animal models of the human disease. 27 Stem cells are present throughout the infarct but die rapidly by apoptosis, following the destiny of myocytes. Myocyte regeneration is restricted to the viable portion of the heart. 7 A similar phenomenon occurs in solid and nonsolid selfrenewing organs including the skin, liver, intestine, and bone marrow. In all cases, occlusion of a supplying artery leads to scar formation mimicking cardiac pathology. 28 -31 With polyarteritis nodosa and vasculitis, microinfarcts develop in the intestine and skin. Similarly, with sickle cell anemia, microinfarcts appear in the bone marrow, and resident stem cells do not repair the damaged organ. 31 The progenitor cell compartment may be properly equipped to modulate tissue homeostasis but does not respond effectively to ischemic injury or to aging and senescence of the organ and organism. 19 The level of myocyte renewal documented in the present study in the human heart is consistent with the activation and differentiation of resident CSCs. 4 A rapid turnover of cardiomyocytes regulated by a stem cell compartment has also been shown in rodents, 5, 32 projecting a dynamic view of the mammalian myocardium. CSCs possess the fundamental properties of stem cells; they are self-renewing, clonogenic, and multipotent in vitro and in vivo. 4, 5 Thus, the IdU-positive cardiomyocytes constituted the progeny of activation and commitment of resident CSCs. Transit amplifying myocytes divide and concurrently mature until the adult phenotype is reached and terminal differentiation is acquired. 2 The notion that cardiac homeostasis and repair in the adult organ are controlled by a pool of CSCs remains controversial. 26 Lineage tracing protocols that are currently considered the "gold standard " for the identification of progenitor cells 26 do not offer information on the self-renewing property and clonogenicity of primitive cells or clonal origin of daughter cells in vivo. 11 Conversely, the in vivo delivery of single cell-derived clonogenic human CSCs results in the generation of cardiomyocytes and coronary vessels, providing strong evidence in favor of the multilineage differentiation of CSCs. 4 Recently, the self-renewal, clonogenicity, and multipotentiality of mouse and human CSCs in vivo was documented by viral gene tagging and the recognition of common sites of integration of the viral genome in CSCs, myocytes, and other cardiac cells. 5 Once more, the rate of myocyte turnover measured by genetic marking was 4 to 5 orders of magnitude higher than that reported more than a decade ago. 33 
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Novelty and Significance
What Is Known?
• Myocyte renewal in the adult human heart has been viewed as a modest phenomenon that comprises at most 50% of parenchymal cells.
• Fibroblasts and endothelial cell renewal has been claimed to be severalfold higher than that of cardiomyocytes.
• The expression of troponin I in myocyte nuclei has been considered a physiological process.
What New Information Does This Article Contribute?
• The heart of cancer patients exposed to the radiosensitizer iododeoxyuridine shows a myocyte turnover rate of nearly 20% per year.
• The degree of fibroblast and endothelial cell turnover is comparable to that of myocytes.
• The expression of contractile proteins in myocyte nuclei is mediated by alterations in function of nuclear pore complexes characterized by downregulation of the scaffold nucleoporin Nup93.
In the past decade, several studies have challenged the notion that the adult heart is a postmitotic organ in which the number of parenchymal cells is established at birth and cardiomyocytes lost with age or as a result of cardiac diseases cannot be replaced by newly formed cells. A pool of resident cardiac stem cells has been identified and characterized in the human heart and high levels of myocyte regeneration mediated by stem cell activation have been reported. However, based on retrospective 14 C birth dating of cells, it has been suggested that throughout life, myocyte replacement in humans is restricted to a subset of Ϸ50% of cardiomyocytes. The current work challenges this view by providing evidence to the contrary and documenting significant limitations in the approach and conclusions reached by 14 C dating of cardiac cells. Our data indicate that a large number of myocytes is formed every year, suggesting that the entire heart is replaced several times during the course of life in humans. These findings have important clinical implications because they emphasize the regeneration potential of the adult human heart.
